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ABSTRACT 
Superoptimal CO2 Reduces Seed Yield in Wheat 
by 
Timothy P. Grotenhuis , Master of Science 
Utah State University, 1996 
Major Professor : Dr. Bruce G. Bugbee 
Department: Plants, Soils, and Biometeorology 
ill 
Although projected terrestrial CO2 levels will not reach 1000 µmol moI-1 (0.1 %) for 
many decades, CO 2 levels in growth chambers and greenhouses routinely exceed that 
concentration. CO 2 levels in life support systems in space can exceed 10,000 µmol moI-1 
(1 %) CO 2• Numerous studies have examined CO2 effects up to 1000 µmol mol- 1, but 
theoretical and some experimental evidence indicates that the beneficial effects of CO2 
continue past 1000 µmol mo1-1 and are near-optimal for wheat at about 1200 µmol mo1-1• 
We studied the effects of near-optimal and superoptimal CO2 levels (> 1200 µmol 
mol-1) on yield of two cul ti vars of hydroponically grown wheat in 12 trials. Increasing 
CO2 from suboptimal to near-optimal (350 to 1200 µmol mol-1) increased vegetative 
growth by 25% and seed yield by 15% in both cultivars. Yield increases were primarily 
the result of an increased number of heads m-2. Further elevation of CO 2 to 2500 µmol 
mo1-1 reduced seed yield by 22% in cv. 'Veery-10' and by 15% in cv. 'USU-Apogee'. 
IV 
Superoptimal CO 2 did not decrease the number of heads m·2, but reduced seeds per head 
by 10% and mass per seed by 11 %. CO2 toxicity occurred over a wide range of light 
levels. Subsequent trials revealed that superoptimal CO2 in the 2 weeks before and after 
anthesis mimicked the effect of constant superoptimal CO2. Furthermore, near-optimal 
CO2 in the 2 weeks before and after anthesis mimicked the effect of constant near-optimal 
CO2• Nutrient concentration of leaves and heads was not affected by CO2• The yield 
decreases may be a response mediated by ethylene. 
(61 pages) 
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INTRODUCTION 
Most studies on the biological effects of elevated CO2 have focused on plant 
responses to concentrations below 1000 µmol mol- 1 (1000 ppm; 0.1%; 100 Pa at sea 
level ) CO2 in air. However , theoretical and experimental evidence now indicates that the 
beneficial effects of CO 2 continue beyond 1200 µmol mo1-1 as photorespiration becomes 
less appreciable (Brooks and Farquhar, 1985; Woodrow and Berry , 1988). Few studies 
have compared the effects of near-optimal ( "" 1200 µmol mol- 1) and superoptimal (> 1200 
µmol mol- 1) CO 2 concentrations . Although global concentrations of 1200 µmol mo1-1 are 
not imminent , they often occur in CO 2-enriched greenhouses and in other closed 
structures. 
The National Aeronautics and Space Administration's (NASA) plans for a 
bioregenerative life-support system to facilitate extended space travel may subject plants 
to superoptimal CO 2 concentrations. The Mir space station maintains CO 2 levels between 
0.3 and 0.7 % and levels on NASA's space shuttle can exceed 1.0 % CO 2• CO2 levels 
reached 15% on the Apollo 13 mission. Although CO2 levels as high as 2% (20,000 
µmol moI-1) are not toxic to humans, the effect of concentrations as high as 0.25% (2500 
µmol mol-1) on plants is not well studied. 
Here we examine the effects of near-optimal and superoptimal CO2 on growth and 
yield responses of two cul ti vars of wheat (Triticum aestivum L.), one developed in 
elevated CO 2 and one developed in ambient CO2• 
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LITERATURE REVIEW 
Kimball and Idso (1983) statistically analyzed 430 observations (taken from the 
literature) of the yield of 3 7 plant species grown in elevated CO2, and estimated that a 
doubling of atmospheric CO2 will result in a 33% increase in agricultural yields . 
Mortensen (1987) reviewed much of the literature pertaining to CO2 enrichment for many 
species grown in greenhouses . He concluded that the optimal CO2 concentration for 
growth and yield seems to lie between 700 and 900 µmol mol·' and that concentrations 
above 1000 µmo! moJ·' might cause growth reductions and other injuries. 
Certainly many positive effects of elevated CO2 have been reported. Sionit et al. 
( 1980) studied the effects of water stress on wheat plants grown in both 3 50 and 1000 
µmol mol· 1• In unstressed water conditions, high CO2 increased the rate of tiller 
production by 43% and significantly increased grain yield, total dry matter, and the 
number and size of grains. It was also observed that elevated CO2 counteracted the 
negative effects of water-stress . Fischer and Aguilar (1976) observed an increase in 
spikes, seeds per spike, and dry matter accumulation in wheat grown in transparent 
chambers in the field enriched with 750 µmol mo I·'. Idso and Kimball (1992) found that 
sour orange trees grown in 700 µmol mo1·1 CO2 produced over twice as much seasonal 
fine-root biomass as trees grown in ambient concentrations. Hand and Cockshull (1975) 
observed that rose plants enriched to 1000 µmol mol·' CO2 produced 23% more 
marketable blooms than the unenriched plants. Acock et al. (1985) measured 
photosynthetic rates throughout an entire growing season for soybeans grown in 330, 
450, 600, and 800 µmo! mo1-1 and found that gross photosynthesis increased with CO2 
level. 
Several detrimental effects of elevated CO2 level have also been reported. 
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Wheeler et al. ( 1993) studied soybean productivity in 500, 1000, 2000 , and 5000 µmol 
mo1-1 CO2 and found bleached , necrotic areas in the 5000 µmol mol-1 treatment at harvest. 
Biomass and seed yield decreased when concentrations exceeded 1000 µmol mo1-1 CO2. 
Mackowiak and Wheeler (in press) showed that potato growth and yield peaked at 1000 
µmol mo1-1 and declined at higher levels . Madsen (1974) reported that tomato fruit yield 
peaked at 1000 µmol mol-1 when compared to plants grown at 350, 650, 1500, 2200 , and 
3200 µmol moI-1• Fruit yield at 3200 µmo! moI-1 was less than half of the yield at 1000 
µmol mo1-1• Leaf rolling and deformation increased linearly with increasing CO2 
concentrations. Ehret and Jolliffe (1985) observed reduced photosynthetic capacity and 
chlorosis of primary leaves of bush bean plants grown in 1400 µmol mo1-1 and that high 
light or cool temperatures promoted the injuries. Pefiuelas et al. (1995) showed that 
continuously fluctuating levels of CO2 (500 to 3500 µmol mo1-1 daily; 700 µmol mo1-1 
daily average) caused curled leaves, necrosis, and reduced biomass and fruit yield in 
peppers. 
CO2 toxicity should not be confused with CO2 acclimation. Long-term exposure 
to elevated CO2 often leads to reduced ribulose-1,5-bisphosphate (Rubisco) activity and 
feedback inhibition of photosynthesis. However, unlike CO2 toxicity, this acclimation 
does not decrease growth; instead it prevents any further benefits of elevated CO2 from 
being realized. Previously , CO2 acclimation was thought to be caused by large starch 
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granules causing physical damage to the chloroplast (Cave et al., 1981; Delucia et al., 
1985); however , CO2 acclimation appears to be associated with an imbalance of the 
source/sink ratio resulting in end-product feedback inhibition (Azcon-Bieto, 1983; Sasek 
et al., 1985). Acclimation mainly occurs in plants grown in small pots , which restrict root 
growth and reduce sink strength , and seldom occurs in the field (Arp, 1991 ). Thomas and 
Strain (1991) mimicked the acclimation to elevated CO2 by restricting the roots of cotton 
and reversed it by transplanting them into larger pots. At the molecular level, elevated 
CO2 increases carbohydrate synthesis and accelerates the decline in photosynthetic 
nuclear gene transcripts compared to control plants at ambient CO2 (Van Oosten et al., 
1994). The effects were more pronounced when sink strength was reduced. 
The effects of CO2 enrichment are also influenced by genetic factors. Musgrave 
et al. ( 1986) attributed differences in responses of peas in elevated CO2 to specific genetic 
traits. Yelle et al. ( 1989) reported CO2-induced differences in photosynthate production 
and storage for two species of tomato . Wallick and Zinnen ( 1990) reported that 1000 
µmol mot·' CO2 in air induced interveinal chlorosis in common basil, but not in the 
related lemon basil and holy basil. The chlorosis occurred whether plants were grown 
hydroponically, in pots, or under fluorescent or high-pressure sodium lights. Some 
species may not even be affected by elevated CO2• Peet (1986), for example, observed 
that CO2 concentrations of 1000 µmol mol·' did not significantly affect the growth of 
monoecious cucumbers any differently than the 350 µmol mol·' treatment. 
Carbon dioxide enrichment appears to interact with several other factors. Neales 
and Nicholls ( 1978) examined the response of young wheat plants to five levels of CO2 
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between 200 and 800 µmol mo1-1 and found that the effects of CO2 level on various 
growth parameters strongly depended on plant age. Knight and Mitchell (1988) 
compared the growth of lettuce grown in 3 50, 1000, 1500, and 2000 µmo! mo1-1• At 
moderate light levels , 1000 µmol mo1-1 stimulated fresh and dry weight gain . However, 
there were no further increases with increased CO2 at that light level. Increasing light to 
900 µmo! photons m-2 s-1 gave further substantial increases in growth , relative growth 
rate , net assimilation rate, and net photosynthesis at 1000 and 1500 µmol moI-1 CO2• 
Krenzer and Moss ( 1975) observed definite interactions of CO2 and the stage of lifecycle 
in wheat. Enrichment to 600 µmo! moI-1 during the middle third of the lifecycle caused 
an increase in the number of seeds per plant, while enrichment during the last third of the 
lifecycle caused an increase in seed mass . 
Here we examine in detail the positive and negative effects that elevated CO2 has 
on the growth and yield of two cul ti vars of wheat (Triticum aestivum L.), one developed 
in elevated CO2 and one developed in ambient CO2• 
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MATERIALS AND METHODS 
The effect of 3 50, 1200, and 2500 µmol mol· 1 CO2 on grO\vth and yield of two 
wheat cul ti vars (Triticum aestivum L. cv. 'Veery-1 O' and cv. 'USU-Apogee') were 
evaluated in 12 trials (Table 1 ). CO2 treatments were maintained at constant levels in six 
trials and were varied during the lifecycle in three trials to determine which growth stage 
is most sensitive to superoptimal CO2• Three additional trials were harvested at anthesis 
to determine effects on vegetative growth. Veery-10 was developed in the field at 
CIMMYT in Mexico , while USU-Apogee was developed specifically for high yields in 
controlled environments. USU-Apogee was the result of a hybrid cross and 12 years of 
selection in a CO2-enriched greenhouse at Utah State University. 
System Description 
All trials were conducted in a controlled-environment chamber (Percival, Model 
PT-80, Boone, IA; Appendix A, Fig. 12), which contained six Plexiglas cylinders (30-cm 
diameter x 62-cm height). Cool-white, very high output (VHO) fluorescent lamps 
provided the photosynthetic photon flux (PPF), which was measured weekly at the top of 
the canopy with a quantum sensor (LI-COR Inc., Model 190S8, Lincoln, NE). Neutral-
density shade cloth was used to keep the PPF among cylinders within± 2% of each other. 
Side-lighting was eliminated with Mylar skirts around each cylinder, which were raised 
as the plants grew. The PPF was averaged for each trial from the weekly measurements 
and varied among trials from 328 to 660 µmol m·2 s·' (23.6 to 47.5 mol m·2 ct·' ; 20-h 
Table 1. The cul ti vars , CO2 concentrations, and replications per CO2 concentration for each of the twelve trials. All trials 
listed below were harvested at physiological maturity, unless otherwise specified, and analyzed for the parameters listed 
in the Materials and Methods section of the text. Unique parameters simultaneously recorded during a trial are also listed . 
CO 2 concentrations Replications 
Trial (µmo! moJ-1) Cultivar per [CO2] 
1 350, 1200,2500 Veery 10 2 
2 350, 1200,2500 Veery 10 2 
3 350 , 1200,2500 USU-Apogee 2 
4 350, 1200,2500 USU-Apogee 2 
8 1200,2500 Veery 10 3 
9 1200,2 500 USU-Apogee 3 
5 350, 1200,2500 Veery-10 2 
6 350, 1200,2500 Veery-10 2 
7 350, 1200,2500 USU-Apogee 2 
10 1200, 2500, Anthesis-low Veery 10 2 
11 1200, 2500, Anthesis-high Veery 10 2 
12 1200, 2500, Anthesis-high USU-Apogee 2 
t EC = electrical conductivity of the common nutrient solution . 
t 30-day trials were harvested at anthesis and crop growth rates were calculated. 
Unique measurements 
nitric acid use, ECt 
nutrient analysis 
seed map, nitric acid use 
seed map 
seed map, nitric acid use, EC, Pnet 
30-day trial+ 
30-day trial 
30-day trial, pollen viability 
-...l 
photoperiod) . Temperature was measured in each cylinder with a shielded , 24-gauge , 
type-E thermocouple and was maintained at 22 .5/21.5 ± 0.2 °C ( day /night) until anthesis , 
and at 17.5/16.5 ± 0.2 °C from anthesis to maturity . The vapor pressure deficit was 1.4 
kPa before canop y closure (about day 12) and 0.5 kPa after closure (80% relative 
humidit y). 
The six cylinders shared a common , recirculating nutrient solution developed 
specifi cally for wheat (Bu gbee and Sali sbury, 1988) . Three nutrient solution s were used 
ove r the course of a trial to optimize nutrient delivery for specific development stages 
(Table 2; Bugbee , 1995). One hundred mmolar nitric acid (HN0 3) was used to maintain 
solution pH over the entire growing cycle (Appendix B, Fig. 13). Electrical conductivity 
of the nutrient solution was also recorded for several trials (Appendix C, Fig. 14 ). 
Cultural Practices 
Seeds were direct-seeded into 0.071 m2 plastic hydroponic flats , covered with 2-
mm diameter extruded diatomaceous earth (Isolite , Sundine Enterprises , Arvada, CO) , 
and thinned 48 h after emergence to 70 plants per cylinder (1000 plants m·2 ) . 
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Plants were harvested at physiological maturity (usually 70-80 d) as determined 
by loss of green color from the seeds. Heads were separated into five categories: primary, 
secondary, tertiary, sterile, or aborted . The primary head was defined in these trials as 
being on the tallest and most mature culm. The remaining culms ( and their 
accompanying heads) were designated in order of decreasing height and maturity . Sterile 
culms had a clearly defined head but were without seed. Aborted culms lacked a head. 
Table 2. Hydroponic nutrient solution recipes for 
wheat. The starter solution is used to fill the system . 
The pre-anthesis solution is used to replace transpired 
solution prior to anthesis. The post-anthesis solution is 
used after anthesis until harvest. The pH is 
automatically controlled at 5.8 by the addition of 
HN0 3. 
Starter Pre-an thesis Post-anthesis 
Salt solution solution solution 
----------------- mM --------------------
Ca(NO 3) 2 1 1 0.5 
K(NO 3) 1 4 2 
KH2PO4 0.5 0.5 0.5 
MgSO 4 0.5 0.5 0.25 
K2SiO3 0.1 0.1 0.0 
----------------- µM -------------------
Fe(NO 3) 3 10 2.5 2.5 
Fe-HEDTA 25 5 5 
MnC12 3 6 3 
ZnSO 4 3 1 1 
H3BO3 2 1 0.2 
CuSO 4 0.6 0.6 0.4 
Na2MoO 4 0.09 0.03 0.03 
9 
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All plant tissue was dried at 80°C to a constant mass (usually 48 h). Vegetative mass, 
seed mass, and seed number for each tiller category were recorded . Total root mass was 
also measured. Seed yield (g m-2 d-1), vegetative mass (g m-2 d-1), harvest index (seed 
yield/total biomass), percent root mass (total root mass/total biomass), heads per m2, 
seeds per head, and mass per seed were calculated from the measured parameters. The 
effect of CO2 on seed position on the inflorescence was examined in three trials by 
recording seed number per spikelet (Table 1 ). Data from common trials were pooled and 
analyzed using the General Linear Models procedure (PROC GLM) of the Statistical 
Analysis System (SAS, Version 6.1 for Microsoft Windows) . t Tests (least significant 
differences) were performed and pairwise comparisons between CO2 treatments were 
calculated based on the overall analysis of variance (ANOVA) tables listed in Appendix 
E. These multiple means comparisons with significance at the corresponding alpha (a) 
level are reported in Table 3. 
CO2 Treatments 
CO2 treatments were randomized among cylinders with either three CO2 levels 
and two replicate cylinders or two CO2 levels and three replicate cylinders per trial. Only 
one cultivar was used per trial (Table 1 ). Cylinder CO2 concentration was individually 
controlled by mixing pure CO2 with outside air. Air flow into each cylinder was 
regulated by a large rotameter (Dywer Instruments Inc ., Model RMC, Michigan City, IN) 
and maintained at 30 L min-1 to provide a rapid air turnover rate (once per minute). CO2 
flow from a compressed gas cylinder into the pre-cylinder airstream of each cylinder was 
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controlled by a small rotameter (Dywer Instruments Inc., Model RMA). Possible 
contaminants in the CO2 were removed by humidifying the CO2 and passing it through a 
column of potassium permanganate (Air Repair Products Inc., Stafford , TX). In addition, 
chamber air was routinely sampled and tested with a gas chromatograph for ethylene 
concentrations as low as 0.1 µmo! mo1-1• A fan in each cylinder continuously mixed the 
internal air. CO2 concentrations were measured by an infrared gas analyzer, which 
automatically cycled through all six cylinders every 30 min . Control of the system was 
such that CO2 levels at night were only 50 µmo! moI-1 higher than daytime values. 
Three trials compared variable and constant CO2 levels (Table 1 ). CO2 
concentration in the variable treatment was initially set at either 1200 or 2500 µmol mo1-1• 
CO2 was increased from 1200 to 2500 µmol moI-1 during the 2 wk before and after 
an thesis ( days 18-48) in two trials ( anthesis-high), and decreased from 2500 to 800 µmol 
mo1-1 in one trial (anthesis-low). The concentrations were reset to their original levels on 
day 48 and maintained until harvest. These variable CO2 treatments were compared to 
control treatments with constant CO2 levels of 1200 and 2500 µmol moI-1 CO2 in each 
trial. 
Photosynthesis Measurements 
Canopy photosynthetic rates were measured three times after anthesis in one trial 
with USU-Apogee using an open gas-exchange system and a differential infrared gas 
analyzer (Bugbee, 1992). Pre-cylinder air was used to set the baseline and post-cylinder 
air was used to determine the change in CO2 (dCO 2 in µmol mo1-1 ). Air flow through 
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the cylinders was set at 30 L min-1 while air flow through the gas analyzer was set at 300 
ml min·1• The time necessary to flush the system between measurements with these flow 
rates was about 10 minutes. Photosynthetic rates were calculated according to equation 1. 
Pnet = net photosynthesis (µmo! m·2 s·1) 
= llCO 2 * (30 L min-1 * 0.035 mol L·1) / (0.071 m2 * 60 s min· 1) 
Measurements alternated between the 1200 and 2500 µmol mo1·1 treatments. 
Head and Flag Leaf Nutrient Analysis 
(1) 
Six primary heads of cultivar USU-Apogee were randomly selected and removed 
from each cylinder for nutrient analysis 1 dafter head emergence. Sixteen flag leaves 
(blade only) from each cylinder were sampled at harvest from the same trial. The plant 
tissue was digested by HNO/ H2O2 in an open vessel (Jones et al. , 1991) and analyzed by 
ICP-AES using a Thermo Jarrell Ash 9000 (Franklin, MA). There were two replicate 
samples for each CO2 level. 
Test for Pollen Viability 
Pollen from mid-inflorescence spikelets of USU-Apogee were tested for viability . 
Collected anthers were macerated in a drop of Potassium Iodide and examined under a 
microscope . The pollen were scored on a four-point scale for starch content; viable pollen 
were stained purple, while nonviable pollen were not stained (Keams and Inouye, 1993). 
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RESULTS 
Constant CO2 
Multiple means comparisons between CO2 treatments for yield and the yield 
components with significance at the corresponding alpha (a) level are reported in Table 3 
as well as in the text. Both cultivars had higher seed yields at 1200 µmol moI-1 than at 
either 350 or the 2500 µmo! moI-1 (Fig. la). The yield increase from 350 to 1200 µmo! 
moI-1 was similar for both cultivars (14 .5% (a=0.01: Henceforth , implies significance at 
a=0.01 level] and 15.8% [a=0.01] for Veery-10 and USU-Apogee, respectively) , but not 
when CO2 levels exceeded 1200 µmo! mol-1• Increasing CO2 from 1200 to 2500 µmol 
mol-1 decreased the yield of USU-Apogee by 15.1 % (o:=0.001 ), and decreased the yield of 
Veery-10 by 22.4% (a=0.001) . These decreases were primarily the result of lower seed 
yields in the primary heads (Fig. 2). 
The harvest index for both Veery-10 and USU-Apogee decreased with increasing 
CO2 levels (Fig. lb). From 350 to 1200 µmol moI-1, Veery-10 decreased 4.8% (a=0.05), 
while USU-Apogee decreased 3.9% (a=0.05). The decrease from 1200 to 2500 µmol 
mo1-1 was greater for Veery-10 (13.5%; a=0.001) than for USU-Apogee (3.6%; a=0.05). 
Elevating CO2 from 350 to 1200 µmo! moI-1 increased vegetative growth rate in 
both cultivars (Fig. le; Fig . 3); Veery-10 increased 24.9% (a=0.001) and USU-Apogee 
increased 25.3% (a=0 .001). Vegetative growth rate at harvest significantly decreased 
9.7% (a=0.001) in USU-Apogee with the additional CO2 increase from 1200 to 2500 
µmol mo1-1, but had no effect on Veery-10 (Fig. le). No change in vegetative growth 
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Fig. 3. The effect of CO2 on vegetative growth rate ofVeery-10 (-O-) and USU-Apogee 
(-•-) . Data points are from two trials with Veery-10 and one trial with USU -Apogee. All 
three trials were harvested at anthesis. Error bars represent the LSD at a = 0.05. 
rate was observed from 1200 to 2500 µmol moJ·1 in three short-term trials harvested at 
anthesis (Fig. 3). 
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Percent root mass decreased 15% (from 5.9% to 5.0%) as CO2 increased from 
350 to 1200 µmol mo1·1 (a=0.01), but remained constant at 5% as CO2 increased further 
from 1200 to 2500 µmol mo1·1• The response was similar for both cultivars . 
CO2 altered yield components (heads per m2, seeds per head , and mass per seed) 
m both cultivars (Fig. 4). Heads per m2 increased 10.4% (a=0.01) for Veery-10 and 
9.6% (a=0.05) for USU-Apogee from 350 to 1200 µmol mo1·1, but did not change for 
either cultivar from 1200 to 2500 µmo! mol· 1 (Table 3). The effect of CO2 on seeds per 
head was statistically significant in Veery-10 , increasing 14.5% (a=0.001) from 350 to 
1200 µmol mo1·1 and decreasing 15.0% (a =0.001) from 1200 to 2500 µmol mo1·1• The 
seeds per head parameter of yield did not change with increasing CO2 in USU-Apogee 
(Fig. 4b ). There was no difference in the mass per seed parameter for either cultivar 
between the 350 and 1200 µmo! mo1·1 treatments. However, mass per seed for Veery-10 
decreased 8.7% (a=0 .001) and USU-Apogee decreased 12.5% (a=0.001) as CO2 
increased from 1200 to 2500 µmol mo1·1• 
Average net photosynthesis of USU-Apogee treated with 1200 µmol mol·1 was 
12% higher than plants treated with 2500 µmol mol· 1 (Fig. 5). The difference in 
photosynthetic rates was similar in magnitude to the decrease in vegetative grO\vth rate 
(10.4%) between the 1200 and 2500 µmol mo1·1 treatments in this trial. 
Seed yield increased linearly with increasing PPF levels for both Veery-10 and 
USU-Apogee (Fig. 6a). The effect of elevated CO2, however, did not significantly 
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Table 3. The effect of CO2 on yield and yield components for two wheat cultivars. The mean comparisons 
and the corresponding alpha (a.) level are shown for the CO2 treatments. A positive value indicates an 
increase from one CO2 concentration to another; a negative value indicates a decrease. 
Percent change from Percent change from 
ambient to near-optimal CO2 near-optimal to super-elevated CO2 
( 350 to 1200 µmo! moI·1) (1200 to 2500 µmol moI·') 
Parameter Veery-10 USU-Apogee Veery-10 USU-Apogee 
Seed Yield +14.5 ** +15.8 ** -22.4 *** -15.1 *** 
(g m·2 ct·') 
Harvest index (%) -4.8 * -3.9 * -13.5 *** -3.6 * 
Vegetative growth +24.9 *** +25.3 *** -3.1 ns -9.7 *** 
rate (g m·2 ct·1) 
Heads per m2 +10.4 ** +9.6 * +1.0 ns +1.1 ns 
Seeds per head +14.5 *** +2.1 ns -15.0 *** -4.6 ns 
Mass per seed (mg) -4.3 ns +5.5 ns -8.7 *** -12.5 *** 
*, **, *** significant at a.= 0.05, 0.01, 0.001 respectively; ns = not significant. 
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Fig. 6. Effect of photosynthetic photon flux (PPF) on the seed yield of the 1200 µmol mo1·1 
treatment in each trial, and on the yield decrease (percent change) from 1200 to 2500 µmol 
mo1·1 for cultivar Veery-10 (-O-) and USU-Apogee(-•-). The data are from five trials with 
Veery-10 and four trials with USU-Apogee. Integrated daily PPF was calculated from 
instantaneous measurements multiplied by the daily photoperiod (20-h). As expected, yield 
increased with PPF, but the effect of PPF on CO2 toxicity was not significant. 
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on the head by scaling from 0% (bottom) to 100% (top). Error bars represent the LSD at 
a= 0.05. 
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Fig. 8. The effect of CO2 level on average seed number per spikelet for cultivar Veery-10 . 
Ten heads from each treatment during harvest of one trial were randomly chosen and the 
seed number at each spikelet was recorded. Spikelets were normalized to position on the 
head by scaling from 0% (bottom) to 100% (top). Error bars represent the LSD at ex= 0.05. 
change by increasing PPF. The relationship between PPF and harvest index, vegetative 
growth rate, and the components of seed yield is given in Appendix D. 
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Superoptimal CO2 did not affect seed number per spikelet for USU-Apogee (Fig. 
7), but decreased seeds per spikelet in the bottom 50% of the head in Veery-10 (Fig. 8). 
CO2 did not have a consistent effect on pollen starch content (Fig . 9). There was 
no statistical difference between the means of the 350, 1200 and 2500 µmol mol·1 
treatments for pollen scored as full (F) and empty (E) of starch . 
Previous studies have suggested that the adverse effects of CO2 may be the result 
of nutrient deficiencie s (Tripp et al. , 1990). Since plants respond to elevated CO2 by 
decreasing stomata! conductance , nutrients that are passively acquired by transpirative 
water flow may be deficient in plants grown in elevated treatments . However, there was 
no indication that the phytotoxic effects of elevated CO2 were mediated by a nutrient 
deficiency (Fig . 1 0; Fig. 11 ). As expected , the concentration of relatively phloem-
immobile elements (especially calcium) was low in emerging heads , but elevated CO2 did 
not further decrease the nutrient concentration. 
Variable CO2 
Reducing CO2 two weeks before and after anthesis eliminated the adverse effects 
of superoptimal CO2 (Table 4; Table 5). Similarly , elevating to superoptimal CO2 levels 
over the same time period mimicked the results of constant 2500 µmol mo1·1• The effect 
was consistent across all measured parameters . 
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Table 4. The effect of variable CO2 on yield and yield components in two trials with Veery-10. Sample means 
followed by the same letter are not statistically different at a = 0.05 (shown). There were two replicate 
cylinders per CO 2 treatment in each trial. 
Seed Harvest Vegetative Mass 
[CO2] Yield Index Growth rate Heads Seeds seed-1 
Cultivar (µmol mol- 1) (g m-2 d-1) (%) (g m-2 d-1) m- 2 head-1 (mg) 
Veery-10 1200 7.77 ab 35.4 ab 14.2 a 983 a 18.1 a 32.8 a 
(Trial 10) Anthesis-lowt 8.33 a 37.2 a 14.1 a 1011 a 17.1 a 36.2 a 
2500 5.66 b 30.9 b 12.6 a 919 a 15.7 a 29 .5 a 
LSDo.os 2.65 4.58 4.82 274 3.49 10.1 
Veery-10 1200 6.44 a 28.8 a 16.0 a 1082 a 17.8 a 22.4 a 
(Trial 11) Anthesis-hight 5.77 a 26.7 a 15.9 a 1096 a 15.5 b 22.7 a 
2500 5.89 a 27.0 a 15.9 a 1054 a 16.9 ab 22.1 a 
LSDo.os 1.27 6.40 3.21 190 2.05 3.19 
tAnthesis-low = Variable CO2 = 2500 µmol mo1-1 for 18 days, 800 for 30-d, 2500 until harvest( :::: 25-d) . 
t Anthesis-high = Variable CO2 = 1200 µmol mol- 1 for 18-d, 2500 for 30-d, 1200 until harvest (:::: 25-d). 
N 
00 
Table 5. The effect of variable CO2 on yield and yield components in one trial with USU-Apogee. Sample 
means followed by the same letter are not statistically different at a= 0.05 (shown). There were two replicate 
cylinders per CO 2 treatment in each trial. 
Seed Harvest Vegetative Mass 
[CO2] Yield Index Growth rate Heads Seeds seed-1 
Cultivar (µmol moI-1) (g m-2 d·') (%) (g m-2 d· 1) m-2 head- 1 (mg) 
USU-Apogee 1200 13.8 a 38.9 a 21.6 a 1874 a 21.0a 22.0 a 
(Trial 12) Anthesis-high t 10.9 b 35.4 b 19.9 ab 1832 a 20.6 a 18.2 b 
2500 11.0 b 36.4 ab 19.1 b 1747 a 21.0 a 18.8 b 
LSDo.os 0.43 2.69 2.35 246 0.96 2.72 
tAnthesis-high = Variable CO 2 = 1200 µmol mol- 1 for 18-d, 2500 for 30-d, 1200 until harvest("' 25-d). 
N 
\0 
DISCUSSION 
The mechanism by which superoptimal CO2 reduces seed yield is unknown but 
the results of these studies provide important mechanistic clues. It is unlikely that the 
plants in this study were significantly sink limited. Yield increased linearly with 
increasing PPF (Fig. 6a), and elevating CO2 to 1200 µmol mo1·1 increased vegetative 
growth by an average of 25% regardless of PPF level. Unlike many other reports , there 
were no visual abnormalities in any of the elevated CO2 treatments . Vegetative growth 
was not decreased by superoptimal CO2 in the trials harvested at anthesis . Similarly , 
tillering (measured by heads m·2) was not reduced by superoptimal CO2• We found no 
evidence of CO2-induced growth reductions during the first half of the life-cycle, when 
sink limitations should have been apparent. 
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The reduction in seed set per head was the first indication of CO2 toxicity and 
suggested a reduction in pollination and fertilization. Water or temperature stress during 
anthesis often reduces seed set, but this reduction is almost always compensated by an 
increase in seed size . No such increase occurred in superoptimal CO2; in fact, seed size 
significantly decreased. 
Harvest index decreased with increasing CO2 (Fig. 1 b, Table 3). The decrease 
(from 44 to 42%) between ambient and near-optimal CO2 should be expected unless the 
increase in sink capacity matched the increase in source capacity. Because total biomass 
did not increase, the decrease in harvest index after 1200 µmol mol· 1 reflected a decrease 
in assimilate partitioning to the grain. 
T1e results of the variable CO2 trials indicated that superoptimal CO2 around 
anthesis changed some event or process that affected seed set. The reduction in 
photosyn:hetic rate after anthesis could account for the reduction in seed mass. Since 
superoptinal CO2 decreased yields in two diverse cultivars, it is unlikely that the 
mechanis:n is cul ti var specific. Indeed, the toxic effects of superoptimal CO2 may also 
occur in soybeans and tomatoes (Wheeler et al., 1993; Madsen, 1974). 
The detrimental effects of superoptimal CO2 may be mediated by ethylene. 
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Although CO2 concentrations above 5% inhibit ethylene formation (Abeles et al. , 1992), 
elevated CO2 concentrations below this can induce ethylene synthesis . There is a close 
correlatio:i between elevated CO2 and increased ethylene synthesis in a wide range of 
species: c0rn and Xanthium (Grodzinski et al., 1982), tomatoes (Woodrow and 
Grodzinski , 1993), sunflowers (Dhawan et al., 1981; Bassi and Spencer , 1982), and oat 
(Zhi- Yi and Thimman , 1989). CO2 is an essential activator of 1-aminocyclopropane-1-
carboxyli c acid (ACC) oxidase , the enzyme that catalyzes the conversion of ACC to 
ethylene. According to Dong et al. (1992) and Yang and Dong (1993), the CO2 
concentra :ion necessary for half-maximal activity (Km) for ACC oxidase is about 0.5% 
(5000 µm0l mol-1 ), far higher than ambient levels. 
Ethephon, a commercial product used to induce ethylene synthesis, is widely used 
to reduce plant height and lodging in wheat and barley (Foster et al., 1992). 
Unfortunately, Ethephon is also a potent inhibitor of pollen formation and can cause full 
male sterility (Rowell and Miller, 1971; Bennet and Hughes, 1972; Hughes et al., 1974). 
Moes and Stobbe (1991) reported that ethephon reduced seeds per head by 26% in barley . 
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Our test of pollen viability in cul ti var USU-Apogee did not show any significant 
differences between the means of the three CO2 treatments for pollen scored as full (F) 
and empty (E) of starch. However, there was no significant difference in the number of 
seeds per head for USU-Apogee across the treatments (Fig. 4b), or in the relative position 
of seeds located on primary heads of USU-Apogee between the 1200 and 2500 µmol 
mo1-1 treatments (Fig. 7). In retrospect, it may have been more appropriate to test pollen 
viability in cul ti var Veery- 10, which not only experiences significant changes in seed 
numbers per head (Fig. 4b) but also in seed location (Fig. 8). 
In other studies, some of the adverse effects of elevated CO2 may be the indirect 
result of hydrocarbon contaminants, such as ethylene , which are common in compressed 
CO2 cylinders (Morison and Gifford , 1984). We filtered the CO2 from our compressed 
gas cylinders through potassium permanganate to remove ethylene . Furthermore, the 
rapid flow rate through the chambers in these trials prevented the biologically produced 
ethylene from accumulating in the chamber air. Ethylene samples of the chamber air 
were consistently below the detectable limit of our gas chromatograph (0.1 µmo! moI-1) . 
However , internal ethylene levels in plants are typically higher than in the air, and levels 
well below 1 µmol mo1-1 in plant tissue can induce biological activity (Abeles et al., 
1992). Wheeler et al. (1996) showed that ethylene production by wheat peaked shortly 
before anthesis. 
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CONCLUSIONS 
As expected , elevating CO2 to 1200 µmol mol·1 significantly increased growth 
and yield of wheat. However , the 2500-µmol mol· 1 CO2 concentration did not increase 
growth but instead, reduced seed yield , because of reduced seed set and seed size. This 
strongly suggests that some CO2 concentration near 1200 µmol mo1·1 is optimal for wheat 
seed yield in closed environments . Based on the biochemistry of the Rubisco, this 
concentration may be near-optimal for many species and cultivars . 
The fact that seed yield is lower at an even higher concentration strengthens this 
point and also suggests that CO2 concentrations beyond our apparent optimum are toxic. 
It is unlikely that our results were due to a source/sink imbalance or a nutrient deficiency . 
The toxic effects of superoptimal CO2 may be an ethylene-mediated response . In 
follow-up research to this thesis , we will be quantifying the relationship between CO2 
concentration and ethylene synthesis in leaves and emerging heads of wheat. 
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APPENDICES 
System Design. 
~ - · :::::-,, V, 
I 'I ~ 
• Q.) 
:====='.. E 
::;::: 
:=====:· = 
~ 
-j-....J 
C 
_) 
Q! 
0:: 
u 
u 
<( 
Appendix A 
C -
., 
u) 
n 
<.D 
..0 
E 
.c 
(_) 
,st-
..0 
E 
.c 
(_) 
41 
(f) 
'---
Q) 
X 
2 
[3 ("-I 0 
---...____ 
("-I 
0 
u 
·G 
Q_ 
~ E :J 
Q_ 
I 
Fig. 12. All trials were conducted in a controlled-environment chamber, which contained 
six Plexiglas cylinders . CO2 concentrations were controlled for each cylinder by two flow 
meters , one to regulate outside air flow and one to regulate CO2 flow, and monitored with 
an infrared gas analyzer. The nutrient control system is also shown . 
Appendix B 
Nitric Acid Use of Nutrient Solution. 
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Fig. 13. Daily addition of I 00 rnmolar HN0 3 to the nutrient solution is shown for three 
trials, two with USU-Apogee (a,b), and one with Veery-10 (c). Acid use peaked around 
canopy closure and then decreased until about anthesis. 
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Appendix C 
Electrical Conductivit y of Nutrient Solution . 
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Fig. 14. Nutrient solution electrical conductivity was recorded for the entire life-cycle in 
two trials. Electrical conductivity dropped rapidly during the first half of the life-cycle when 
vegetative growth and nutrient demand was high. 
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Appendix D 
Photosynthetic Photon Flux Effects. I. Harvest index and vegetative growth rate . 
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Fig. 15. The effect of photosynthetic photon flux (PPF) on harvest index and vegetative 
growth rate for cultivar Veery-10 (-O-) and USU-Apogee(-•-). The data are from five trials 
with Veery-10 and four trials with USU-Apogee. Integrated daily PPF was calculated from 
instantaneous measurements multiplied by the daily photoperiod (20-h). 
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Appendix D cont. 
Photosynthetic Photon Flux Effec ts. II. Yield components . 
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Fig. 16. The effect of photosynthetic photon flux (PPF) on the components of seed yield 
for cultivar Veery-10 (-O-) and USU-Apogee(-•-). The data are from five trials with Veery-
10 and four trials with USU-Apogee . Integrated daily PPF was calculated from instan-
taneous measurements multiplied by the daily photoperiod (20-h). 
Appendix E 
Analysis of Variance Tables. I. Cultivar Veery-10 
SEED YIELD 
Dependent Variable: SEEDYLD 
Source 
Model 
Error. 
Correct e d Total 
Source 
CO2 
EXP 
EXP*C02 
HARVEST INDEX 
OF 
11 
14 
25 
R-Square 
0.97970 7 
OF 
2 
4 
5 
Dependent Variable: HARV 
Source OF 
Model 11 
Error 14 
Corrected Total 25 
R-Square 
0.986795 
Source OF 
CO2 2 
EXP 4 
EXP*C02 5 
Sum of 
Squares 
234 . 86546795 
4.86476667 
239.73023462 
c.v. 
6.701826 
Type III ss 
24.91910060 
203.47 1 62727 
4.08244470 
Sum of 
Squares 
1497. 0661372 
20.0340167 
1517.1001538 
c.v. 
3.363363 
Type III ss 
217 .3983333 
1247.6056375 
42.9120731 
46 
Mean 
Square F Value Pr > F 
21.35140618 61. 4 5 0.0001 
0.34748333 
Root MSE SEEDYLD Mean 
0.5894772 8.7957692 
Mean Square F Value Pr > F 
12.45955030 35.86 0.0001 
50.86790682 146.3 9 0.0001 
0.81648894 2.35 0.0954 
Mean 
Square F Value Pr > F 
136. 0969216 95.11 0.0001 
l. 4310012 
Root MSE HARV Mean 
l. 1962446 35.566923 
Mean Square F Value Pr > F 
108.6991667 75.96 0.0001 
311.9014094 217.96 0.0001 
8.5824146 6.00 0.0036 
Appendix E cont. 
Analysis of Variance Tables. I. Cul ti var Veery-10 
VEGETATIVE GROWTH RA TE 
Dependent Variable: VEGB 
Sum of 
Source OF Squares 
Model 11 64.2776 448 7 
Error 14 8.30641667 
Corrected Total 25 72.58406154 
R-Square c.v. 
0.885561 5.025347 
So urce OF Type III ss 
CO2 2 37.46148155 
EXP 4 29 .19191136 
EXP*C02 5 4.16095379 
HEADS PERM2 
Dependent Variable: HEADS 
Sum of 
So urce OF Sq uares 
Model 11 14 31498. 3804 
Error 14 6 3052 .9526 
Co rre c ted Total 25 1494551. 3331 
R-Sq uare c.v. 
0.957811 5.185451 
Source DF Type III ss 
CO2 2 400027.7296 
EXP 4 1338978 . 0217 
EXP*C02 5 34808.3358 
Mea n 
Square 
5.84342226 
0.59331548 
Root MSE 
"0.7702697 
Mean Square 
18.730740 77 
7.29797784 
0.83219076 
Mean 
Square 
130136. 2164 
4503.7823 
Root MSE 
67. 110225 
Mean Square 
200013.8648 
334744.5054 
6961.6672 
47 
F Val u e Pr > f 
9.85 0.0001 
VEGB Mean 
15.327692 
F Value Pr > F 
31. 57 0.0001 
12.30 0.0002 
1. 40 0.2826 
F Value Pr > F 
28 .89 0 . 0001 
HEADS Mean 
1294.2023 
F Value Pr > F 
44.41 0.0001 
74.33 0.0001 
1.55 0.2388 
Appendix E cont. 
Analysis of Variance Tables. I. Cultivar Veery-10 
SEEDS PER HEAD 
Dependent Variable: SEEDPERH 
Source 
Model 
Error 
Corrected Total 
Source 
CO2 
EXP 
EXP*C02 
MASS PER SEED 
OF 
11 
14 
25 
R-Square 
0.982502 
DF 
2 
4 
5 
Dependent Variable: MASSPERS 
Source OF 
Model 11 
Error 14 
Corrected Total 25 
R-Square 
0.967619 
Source OF 
CO2 2 
EXP 4 
EXP*C02 5 
Sum of 
Squares 
]65 . 56882821 
6.51083333 
37 2.07966154 
c.v. 
4 . 220607 
Type III ss 
44.08631726 
318.23021061 
5.99994015 
Sum of 
Squares 
598.14627179 
20.01651667 
618.162 78846 
c.v. 
3.917387 
Type III SS 
80.75781905 
520. 086514 77 
10.10082311 
Mean 
Square 
33.23352984 
0.46505952 
Root MSE 
0.6819527 
Mean Square 
22.04315863 
79 . 55755265 
1.19998803 
Mean 
Square 
54.37693380 
1.42975119 
Root MSE 
1. 1957220 
Mean Square 
40.37890952 
130.02162869 
2.020 164 62 
48 
F Value Pr > F 
71. 46 0 . 0001 
SEEDPERH Mean 
16.157692 
F Value Pr > F 
47.40 0.0001 
171.07 0.0001 
2.58 0.0743 
F Value Pr > F 
38.03 0.0001 
MASSPERS Mean 
30.523462 
F Value Pr> F 
28.24 0.0001 
90.94 0.0001 
1. 41 0.2791 
Appendix E cont. 
Analysis of Variance Tables. II. Cultivar USU-Apogee 
SEED YIELD 
Dependent Variable: SEEDYLD 
Sum of Mean 
Source OF Squares Square 
Model 9 60.46914394 6.71879377 
Error 12 5.66678333 0.47223194 
Corrected Total 21 66.13592727 
R-Square C.V. Root MSE 
0.914316 5.768988 0.6871913 
Source OF Type III ss Mean Square 
CO2 2 18.42309545 9.21 154773 
EXP 3 39.36475278 lJ.12158426 
EXP*C 02 4 1. 62596111 0.40649028 
HARVEST INDEX 
Depend ent Variable: HARV 
Sum of Mean Source DF Squares Square 
Model 9 116.11555303 12.90172811 
Error 12 18. 17748333 1.51479028 
Corrected Total 21 1 34 .29303636 
R-Square c.v. Root MSE 
0 . 864643 2.963369 1. 2307682 
Source OF Type III ss Mean Square 
CO2 2 14.30302348 7.15151174 EXP J 82.65126944 27.55042315 EXP*C02 4 J.26369167 0.81592292 
49 
F Value Pr > F 
14.23 0.0001 
SEEDYLD Mean 
11.911818 
F Value Pr > F 
19.51 0.0002 
27.79 0.0001 
0.86 0. 514 6 
F Value Pr > F 
8.52 0.0005 
HARV Mean 
41.532727 
F Value Pr > F 
4.72 0 . 0307 
18.19 0.0001 
0.54 0.7104 
Appendix E cont. 
Analysis of Variance Tables. II. Cultivar USU-Apogee 
VEGETATIVE GROWTH RATE 
Dependent Variable: VEGB 
Sum of Mean Source OF Squares Square 
Model 9 118. 77 )66212 i.J. 19707)57 
Error 12 8.62248)33 0.71854028 
Corrected Total 21 127. 39614545 
R-Square c.v. Root MSE 
0.932318 5.053023 0.8476676 
Source OF Type III ss Mean Square 
CO2 2 2 3 . 7 5 3 4 9.8 8 6 11.8767494 3 EXP 3 76.38981528 25.46327176 EXP*C02 4 2.91431250 0.72857812 
HEADS PERM2 
Dependent Variable: HEADS 
Sum of Mean Source OF Squares Square 
Model 9 1641906.3947 182434 . 0439 
Error 12 124003.3335 10333.6111 
Corrected Total 21 1765909 .7282 
R-Square c.v. Root MSE 
0.929779 5.937408 101. 65437 
Source DF Type III ss Mean Square 
CO2 2 87914.9483 43957.4741 EXP 3 1524151.2060 508050.4020 EXP*C02 4 31643.7678 7910.9419 
50 
F Value Pr > F 
18. J 7 0.0001 
VEGB Mean 
16.775455 
F Value Pr > F 
16.53 0.0004 
35.44 0.0001 
1.01 0.4385 
F Value Pr > F 
17.65 0.0001 
HEADS Mean 
1712.1000 
F Value Pr > F 
4.25 0.0401 
49.16 0.0001 
0.77 0.5676 
Appendix E cont. 
Analysis of Variance Tables. II. Cul ti var USU-Apogee 
SEEDS PER HEAD 
Dependent Variable: SEEDPERH 
Sum of Mean 
Source OF Squares Square 
Model 9 40.61059394 4.51228822 
Error 12 16.38108333 1.36509028 
Corrected Total 21 56. 99167727 
R-Square c.v. Root MSE 
0.712571 5 . 605530 1.1683708 
Source OF Type III ss Mean Square 
CO2 2 5.22539470 2. 61269735 
EXP 3 30.84128611 10.28042870 
EXP*C 02 4 5.36791944 1.34197986 
MASS PER SEED 
Dependent Variable: MASSPER S 
Sum of Mean Source OF Sq uares Square 
Model 9 177. 13661061 19.68184562 
Error 12 21. 27566667 1.77297222 
Corr ected Total 21 198. 41227727 
R-Square c.v. Root MSE 
0.892770 5.667730 1.3315300 
Source OF Type III ss Mean Square 
CO2 2 44.43229394 22 .2 1614697 
EXP 3 128.40217778 42.80072593 
EXP*C02 4 4.81406667 1.20351667 
51 
F Value Pr > F 
3. Jl 0.0286 
SEEDPERH Mean 
20.843 18 2 
F Value Pr > F 
1. 91 0.1899 
7.53 0.0043 
0.98 0 . 4529 
F Valµe Pr > F 
11. 10 0.0001 
MASSPERS Mean 
23. 493182 
F Value Pr > F 
12.53 0.0012 
24.14 0.0001 
0.68 0.6197 
